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Abstract
The proposed analogy between hadron production in high-energy collisions and Hawking-Unruh
radiation process in the black holes shall be extended. This mechanism provides a theoretical basis for
the freeze-out parameters, the temperature (T ) and the baryon chemical potential (µ), characterizing
the final state of particle production. The results from charged black holes, in which the electric
charge is related to µ, are found comparable with the phenomenologically deduced parameters from
the ratios of various particle species and the higher-order moments of net-proton multiplicity in thermal
statistical models and Polyakov linear-sigma model. Furthermore, the resulting freeze-out condition
〈E〉/〈N〉 ≃ 1 GeV for average energy per particle is in good agreement with the hadronization process
in the high-energy experiments. For the entropy density (s), the freeze-out condition s/T 3 ≃ 7
remains valid for µ <∼ 0.3 GeV. Then, due to the dependence of T on µ, the values of s/T 3 increase
with increasing µ. In accordance with this observation, we found that the entropy density remains
constant with increasing µ. Thus, we conclude that almost no information is going lost through
Hawking-Unruh radiation from charged black holes. It is worthwhile to highlight that the freeze-out
temperature from charged black holes is determined independent on both freeze-out conditions.
PACS numbers: 04.70.Dy, 04.70.Dy, 05.70.Fh
Keywords: Evaporation of black holes, Thermodynamics of black holes, Phase transition in statistical mechanics
and thermodynamics
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I. INTRODUCTION
It is widely accepted that the matter and radiation are confined inside black holes by grav-
itational force, i.e. they are enforced to remain within a restricted region of space [1–4]. In
such a gravitational confinement, isolation of the system is not literary absolute [5]. In the
strong fields at the outer edge of the black hole, the quantum excitation causes emission of
Hawking-Unruh radiation [5, 6]. Such thermal emission leads to a slow decrease in the black
hole mass and eventually to an entire evaporation [5]. The black hole mass decreases while the
temperature increases. The latter can even reach the Planck scale. This makes the radiation
process very similar to the Big Bang [7–9].
Since no information transfer between inside and outside of the black hole is allowed, the
Hawking-Unruh radiation must have a priori equal weights in all possible states of the black
hole outside. It was concluded that the process at the stage of formation is thermal [10]. From
the pair production at the event horizon, the color neutrality (confinement) and the instability
of the physical vacuum (to which the radiation is imported) allows transition through quantum
tunneling and leads to the thermal radiation at the Hawking-Unruh temperature (THU) [11].
The latter can be determined in terms of the string tension (σ).
The quantum chromodynamics (QCD) possesses deconfinement property, as well [12]. Thus,
it was suggested that the hadronization in high-energy collisions would be the analogue of the
radiation from black holes [13–16]. Furthermore, the hadron production in high-energy ex-
periments occurs through a succession of tunneling processes [4]. In light of this, THU , which
depends on the baryon number and angular momentum of the deconfined system [4, 17], char-
acterizes the QCD-analogue of the Hawking-Unruh radiation. The earlier could provide a de-
pendence of THU on the baryon chemical potential, while the angular momentum pattern of the
radiation allows a centrality-dependence of THU and eventually the elliptic flow [4]. Femtoscopy
and balance function are powerful tools for the temporal evolution of QCD hadronization [18].
The nature of black hole beyond the Rindler horizon is given by the gauge theory grav-
ity which is assumed to reproduce the dependence of the freeze-out temperature (Tf) on the
center-of-mass energy (
√
s). String black hole was classified as a good candidate clarifying this
dependence [19]. The qualitative dependence of Tf on
√
s was definitively resolved [20]. In
some cases, Witten black hole explains fixity of Tf in all elementary scattering processes at
very large
√
s [19]. Also, an effective description for the screening of the hadron string tension
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as function of µ and throughout an explanation for Tf was proposed [19].
Thus, Hawking-Unruh mechanism is conjectured to provide a theoretical basis for the pro-
duction of newly formed hadrons in high-energy collisions and seems to be directly applicable
at nearly vanishing baryon chemical potential [21]. At µ = 0, it was found that this correspon-
dence estimates the hadronization temperature Tf =
√
σ/2 pi ≃ 165 MeV [21]. Furthermore,
the freeze-out conditions; s/T 3f = 3 pi
2 /4 ≃ 7.4 and 〈E〉/〈N〉 = √2 pi σ ≃ 1.09 GeV agree well
with the values deduced in the particle production in high-energy experiments [21].
The present paper is organized as follows. The correspondence of QCD hadronization and
Hawking-Unruh radiation shall be reviewed in Sec. II. The similarity between charged black
hole and finite-density hadronization shall be investigated at finite baryon chemical potential
in Sec. IV. Similar ideas have been proposed in Refs. [1, 4, 17, 19]. The correspondence
between black hole radiation and QCD hadronization temperature is determined in Sec. IVA.
Thermodynamics of black hole and hadron shall be discussed in section IVB. In Sec. IVC,
the freeze-out diagram and the two freeze-out conditions s/T 3 and 〈E〉/〈N〉 shall be estimated
and compared with the phenomenologically deduced parameters from the ratios of various
particle species and the higher-order moments of net-proton multiplicity in thermal statistical
models and Polyakov linear-sigma model (PLSM). Section V is devoted to the results and the
discussion. The conclusions and outlook are elaborated in Sec. VI.
II. CORRESPONDENCE OF QCD HADRONIZATION AND HAWKING-UNRUH
RADIATION AT VANISHING AND FINITE DENSITY
A proposal that the gravitational confinement in primordial black holes might find analogue
in the QCD confinement inside hadrons dates back to the seventies of the last century [14].
Due to color neutrality (confinement), the physical vacuum is thought to form an event hori-
zon for quarks and gluons preventing even quantum tunneling [17]. Since no information is
transmitted through the black hole radiation to the outside, the radiation is likely thermal and
must maintain color neutrality. A universal feature of e+ e−, p − p¯, p − p and even heavy-ion
collisions is that the particle production follows a thermal pattern and apparently occurs at the
same temperature. The thermalization in heavy-ion collisions is obvious because of the possible
rescatterings between the large number of interacting partons, which is not the case in e+ e−
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annihilation.
The hadronization is assumed as the QCD counterpart of Hawking radiation [4]. This
analogue solves many puzzles of thermalization, and universal freeze-out temperature and shall
be utilized to explain various freeze-out conditions.
• Quantum tunneling through quark and gluon event horizon because of vacuum instability
through pair production leads to thermal radiation at a temperature determined by the
string tension.
• A succession of such tunneling processes is likely at high energy. Partition processes and
resulting cascades lead to a limiting temperature as that in the thermal models.
• In kinetic thermalization, the initial state information is likely lost through successive
collisions, while stochastic QCD Hawking radiations are in equilibrium preventing infor-
mation transfer.
For sake of completeness, it is worthwhile to add that even such proposed analogue might not
be literary exact. This partly defines possible uncertainties in the present calculations. While
the initial state information is likely lost through the strong collisions and kinetic thermalization
[4], the stochastic QCD Hawking-Unruh radiation remains in equilibrium, because the quantum
tunneling does not allow information transfer [4].
As introduced in [19], the correspondence between QCD hadronization and Hawking-Unruh
radiation is a kind of phenomenological matching based on gauge theory gravity. The black
hole behind which Rindler horizon could confirm the experimental dependence of T on the
center-of-mass energy (
√
sNN), is likely a Witten black hole, especially the constant T for all
elementary scattering processes at large energies. Furthermore, an effective description of the
screening of string tension (σ) with varying
√
sNN or chemical potential (µ) was introduced
[19].
The extension to a finite chemical potential (µ) should add a new ”charge” introducing
a modification in the quantum tunneling process and in the corresponding Hawking-Unruh
hadronization temperature [17]. The temperature of black hole radiation is determined by
confinement phase transition. On the other hand, the dependence of the hadronization tem-
perature on the baryon density forms a kind of ”white” hole in high-energy collisions from
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which ”colored” quarks are emitted. These are conjectured to remain confined by chromody-
namic forces or equivalently by the bag pressure B. At nonvanishing baryon chemical potential
(µ) the Fermi repulsion between the corresponding quarks becomes very likely. This additional
interaction appears in the form of density-depending pressure P (µ). The effects of baryon
chemical potential are opposite to that of B.
III. RINDLER HORIZON AND THERMALIZATION
In the particle production, it is widely accepted that the nature of the freeze-out temperature
is in statistical thermal equilibrium. On the other hand, the Rindler horizon represents another
pillar for the proposed Hawking-Unruh radiation correspondence with the QCD hadronization.
In qq¯ pair production, the analogue of Rindler horizon is ”color-blind” process which is produced
by color-charge neutrality or confinement, i.e. Rindler-Unruh excitement of QCD vacuum. This
means that the qq¯ pair production are likely thermal because of the random distribution of q
and q¯, which are entangled in such QCD vacuum. The produced hadrons are assumed to be
”born in equilibrium”.
The hadronic Rindler spacetime is considered as near-horizon approximation of specific black
hole spacetimes. The existence of common thermodynamical features of both QCD hadroniza-
tion and black hole radiation is proposed as a category defining that black hole spacetime that
assures correspondence with particle the production [19], especially the possibly to predict the
dependence of T on
√
sNN or µ. Additionally, various conditions have been proposed in [19];
(i) proportionality of black hole mass to
√
sNN , (ii) coincidence of string tension and coupling
constant and (iii) correspondence of Hawking temperature with Unruh temperature. Further-
more, the authors of [19] added a fourth condition that the black hole partition function should
diverge at a given temperature. According to this additional condition, they excluded most
of the well-known black holes, such as Schwarzschild or Reissner-Nordstro¨m black hole. In
proposing this condition, it was assumed that the black hole radiation is a continuous process
that lasts untill the black hole mass entirely evaporates. There is a great number of theoretical
works examining the conundrum of the black hole evaporation, for instance [22]. Indeed, the
evaporation process that fulfills causality and thermodynamical consistency ends up with mas-
sive remnants. Accordingly, the partition function should be diverging, i.e. becoming singular,
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and the related Hawking temperature, which is inversely proportional to the remaining black
hole mass, defines the critical temperature.
Unruh temperature is proportional to the acceleration (a) of a test particle in vicinity of
the black hole horizon, which is assumed to emerge due to causally disconnected spacetimes,
i.e. Rindler coordinate, η = ln(|(t + x)/(t − x)|)/2, which is known as spacetime rapidity
in the high-energy collisions [23]. For completeness’ sake, the surface of Rindler space reads
ρ2 = x2 − t2. In general relativity theory, Rindler space is considered as an approximation to
the Schwarzschild metric of a large black hole. A rearrangement of the vacuum structure is
possible through Bogoliubov transformation which relates operators for particle creation and
annihilation in Rindler and Minkowski spaces. Furthermore, the vacuum in Minkowski space
is related to that in the Rindler space by Bogoliubov transformation, in which the Rindler
vacuum is populated with temperature T = 2pi/a. By considering chiral symmetry restoration
induced by a rapid deceleration of the colliding nuclei, it was argued that the parton saturation
in the initial nuclear wave functions is a necessary precondition for the formation of quark-gluon
plasma (QGP), which can then hadronize [23].
IV. CHARGED BLACK HOLES AND HADRONIZATION AT FINITE DENSITY
The black hole event horizon is created by the strong gravitational attraction, which leads
to a diverging Schwarzschild metric at a certain value of the spatial extension (R) [4]. At the
equator, the invariant spacetime length element is given as
ds2 =
(
1− 2GM
RS
)
dt2 −
(
1− 2GM
RS
)−1
dr2, (1)
where r and t are flat space and time coordinates, respectively. At Schwarzschild radius RS =
2GM , ds diverges, i.e. become singular. In Eq. (1), natural units are assumed (c = h¯ = G = 1).
To fit with the approach introduced in Ref. [21], G = 1/(2σ) = 2.6316, where σ = 0.19 GeV 2
defines the string tension. Thus, hereafter G is not omitted from the expressions.
If the black hole has a net electric-charge Q, the resulting Coulomb repulsion weakens the
gravitational attraction. This in turn modifies the event horizon [11] and the corresponding
line element (Reissner-Nordstro¨m metric) as well
ds2 =
(
1− 2GM
RRN
+
GQ2
R2RN
)
dt2 −
(
1− 2GM
RRN
+
GQ2
R2RN
)−1
dr2. (2)
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The field strength of the interaction is obtained from the coefficient
f(RRN ) = 1− 2GM
RRN
+
GQ2
R2RN
. (3)
The divergence leads to smaller Reissner-Nordstro¨m radius
RRN = RS
[
1
2
(
1 +
√
1− Q
2
GM2
)]
. (4)
At vanishing charge, RRN is reduced to the Schwarzschild radius (RS).
A. Radiation / hadronization temperature
The charged black hole radiation temperature is to be estimated from f ′(RRN )/4pi, where
f ′(RRN ) = ∂f(RRN/∂RRN ) [24],
T =
1
2pi
(
GM
R2RN
− GQ
2
R3RN
)
. (5)
Then, from Eqs. (4) and (5), the temperature of Hawking-Unruh radiation is given as
TBH(M,Q) =
GMRRN −GQ2
2piRRNG2M2
(
1 +
√
1− Q
2
GM2
)−2
= TBH(M, 0)


4
(
1− Q2
GM2
)1/2
(
1 +
√
1− Q2
GM2
)2

 ,(6)
where TBH(M, 0) is the Hawking-Unruh radiation temperature from Schwarzschild black hole,
i.e. nonrotating and uncharged black hole. Similar expression has been obtained in Refs.
[25, 26]. It has been shown that the value of TBH(M, 0) is in good agreement with the QCD
freeze-out temperature, TBH(M, 0) ≃ 175 ± 15 MeV [21]. It is obvious that Q = 0 results in
TBH(M, 0) and increasing Q [alternatively µ, Eq. (8)] allows the quantities in the bracket of
Eq. (6) to generate a parabola, Fig. 1.
B. Black hole / hadron thermodynamics
From the black hole mechanics, which has the same structure as the thermodynamics [27],
• due to Hawking-Unruh radiation, the black hole mass modification is given as
dM = T dS + µ dQ, (7)
8
where S is the entropy. It is apparent that Eq. (7) is nothing but the first law of
thermodynamics in a grand canonical ensemble with finite µ and finite charge number
dQ [28]. The parameter associating with a variation of the charge Q is the baryon chemical
potential µ [28],
µ ≃ 2 pi QRRN
GS
= 2
Q
RRN
. (8)
Almost, the same expression (except of an additional factor 2) was proposed in Ref. [4].
• Also, from the second law of black hole mechanics, the analogy of area and entropy, the
Bekenstein-Hawking area law reads [29, 30]
S = pi
R2
G
. (9)
In a straightforward matter R can be replaced by RRN . Then Eq. (8) can be modified
to an entropy associating with the charged black hole radiation or equivalently with the
hadron production at finite baryon chemical potential. The entropy density s = S/V .
Assuming that the black hole is shaped as sphere, the volume is simply given as V =
4 pi R3/3.
C. Freeze-out conditions
The proposed freeze-out temperatures are calculated from charged black holes. Of course,
they are estimated independently on the freeze-out conditions. For quark-hadron phase-
transition, there are various conditions describing the freeze-out diagram [31–38]. All of them
are based on phenomenological descriptions, where the thermal statistical models are imple-
mented in deriving the freeze-out parameters (T and µ). In doing this, the experimentally
measured ratios of various particle species [31, 32, 34–37] and the higher-order moments of
net-proton multiplicity [38] should be reproduced from the thermal statistical models through
varying T and µ. These two parameters, at which the measured ratios agree well with the
calculated ones, characterize the chemical freeze-out parameters corresponding to the concrete
interacting system, at the given centrality, rapidity, and energy, etc.
• In the particle production at vanishing baryon chemical potential, the entropy density
normalized to T 3 is proposed to have a constant value [34, 35]. Also, in the Hawking-
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Unruh radiation from uncharged black holes [21], we find that
s
T 3
∣∣∣
Q or µ=0
=
3
8G2M T 3BH(M, 0)
. (10)
It was proved that the value of s/T 3 calculated from Schwarzschild black hole, Eq. (10),
is almost identical to that from the particle production [21].
In quark-hadron phase transition, s/T 3 is assumed to remain constant with increasing
µ [34, 35, 40]. In the present work, we show that the proposed correspondence of QCD
hadronization and Hawking-Unruh radiation is valid at finite density. In other words,
constant s/T 3 that was found in QCD hadronization has a correspondence in Hawking-
Unruh radiation at finite µ or finite Q
s
T 3
∣∣∣
Q or µ6=0
=
s
T 3
∣∣∣
Q or µ=0


2
(
1 +
√
1− Q2
GM2
)5
(
1− Q2
GM2
)3/2

 . (11)
It is obvious that small Q makes the value of the bracket in Eq. (11) nearly unity. But,
at large Q, the nominator increases faster than the denominator. More details shall be
elaborated in the section that follows.
• As proposed in [21], the average energy per particle at vanishing µ reads
〈E〉
〈N〉
∣∣∣∣
µ=0
= σ Rs. (12)
At finite µ or finite Q, it is assumed that that the string tension of charged black holes
show the same phenomenological behavior [19]
σ(µ) ≃ σ(µ = 0)
[
1− µ
µ0
]
, (13)
where µ0 ≃ 1.2 GeV. Also, at finite µ or finite Q, Rs should be replaced by RRN , Eq. (4).
Then, the freeze-out condition becomes
〈E〉
〈N〉
∣∣∣∣
µ6=0
= σ(µ)RRN . (14)
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V. RESULTS AND DISCUSSION
In Fig. 1, the freeze-out parameters T and µ (solid line) calculated from Eq. (6), where
the equivalence of Q and µ is given in Eq. (8), are compared with the results from the hadron
resonance gas (HRG) model at s/T 3 = 7 (dashed line) and the phenomenologically deduced
parameters (symbols) from the particle ratios: Cleymans et al. [39], Tawfik and Abbas [41, 42],
HADES [43], and FOPI [44] and the higher-order moments: SU(3) Polyakov linear-sigma model
(PLSM) [45] and HRG [38]. Despite the relative low freeze-out temperature from the higher-
order moments, both qualitative and quantitative comparisons are obviously convincing. It is
worthwhile to notice the excellent agreement with the recently estimated freeze-out parameters
based on the RHIC beam energy scan program of the STAR experiment [41, 42]. Because of the
anomaly in the proton-pion ratio at the large hadron collider (LHC) energies, we excluded their
freeze-out parameters. With anomaly one refers to the particle ratio overestimation relative
to the thermal statistical models at LHC energies. But, it is very likely that the freeze-out
temperatures at very high energies (very low baryon chemical potential) likely remain almost
unchanged as was measured at the relativistic heavy-ion collider (RHIC) top energies.
In a log scale, Fig. 2 gives the freeze-out conditions s/T 3 (solid curve) and 〈E〉/〈N〉 (dashed
curve) and the entropy density (s) (dotted curve) as a function of the black hole charges or
equivalently the baryon chemical potentials. It is obvious that the entropy density normalized
to T 3 remains constant (∼ 7) at µ <∼ 0.3 GeV. It is worthwhile to highlight that this is the
same range, in which the freeze-out temperature is almost independent on µ, Fig. 1. This
observation agrees well with the estimation deduced from the ratios of hadron species in high-
energy collisions [34, 35].
The values of s/T 3 deduced from Eq. (11) increase with increasing µ (or Q). This can be
understood from the expression (11). Relative to the denominator, the numerator has a higher
exponent. This makes the fraction in the bracket considerably increases with Q (or µ). When
comparing s/T 3 from the black hole radiation with the QCD freeze-out temperature, Fig. 1,
and with TBH |µ6=0, Eq. (6), the uncertainties in s/T 3|µ6=0, Eq. (11), seems to play an essential
role in giving a partial explanation why TBH |µ6=0 perfectly agrees with the results from other
models and various heavy-ion experiments while s/T 3|µ6=0 ≃ 7 varies with µ (or Q). Other
effects shall be elaborated on shortly.
The Hawking-Unruh temperature (T ) describes well the quark-hadron freeze-out results,
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Fig. 1. The proposed value of s/T 3 is well found at black hole mass M = 1.629 GeV. The
radiation temperature is inversely proportional to M [5]. Therefore, two possibilities can be
proposed.
1. The entropy density (s) would be responsible for the increase in s/T 3 with µ (or Q). This
would be interpreted as the extensive quantity s carries various information as well as
thermodynamic properties of the system of interest.
2. Alternatively, s would remain constant with µ (or Q), Fig. 2, while T depends on µ (or
Q) given in Eq. (6) and illustrated in Fig. 1.
The intensive quantity T is uniquely defined and was determined not depending on the black
hole radiation freeze-out conditions, s/T 3 and 〈E〉/〈N〉. So far, we conclude that while T seems
to be accurately estimated, Fig. 1, s/T 3|µ6=0 does not, Fig. 2. The second possibility is verified
in Fig. 2. The entropy density (s) is indeed almost independent on µ (or Q). Thus, we conclude
that the Hawking-Unruh radiation from charged black holes is not associated with information
loss. Also, we conclude that the degrees of freedom seem to remain conserved throughout the
radiation process, while the charges of black holes do not matter.
Furthermore, it is apparent that the average energy per particle 〈E〉/〈N〉 remains nearly
constant over the whole range of µ (or Q), ≃ 1.1 GeV. This result agrees well with the value
proposed in Ref. [31].
VI. CONCLUSIONS AND OUTLOOK
Assuming that in the early Universe, the fluctuations in the space-time metric are scale
invariant, the speed of sound in the primordial fireball must exceed 1% the speed of light, as
a consequence of observational limits on primordial black holes. The speculations about the
black hole formation in the LHC attracts the attention of many theoreticians [46, 47].
In the present work and in connection with black holes with gauge charges and their thermo-
dynamics, the analogies between the black hole properties and those of hadrons are investigated.
Concretely, we present an extension to a recent proposal that for high-energy hadron produc-
tions, the freeze-out parameters can be interpreted as Hawking-Unruh radiation. We propose
the existence of a universal hadronic freeze-out diagram based on the Hawking-Unruh radiation
temperature.
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Fig. 1: The analogy of Hawking-Unruh radiation to the particle production (hadronization) is utilized
in deducing the freeze-out parameters, temperature T , and baryon chemical potential µb (solid curve).
The symbols refer to the experimentally deduced freeze-out parameters from particle ratios: Cleymans
et al. [39], Tawfik and Abbas [41, 42], HADES [43], and FOPI [44] and higher-order moments: SU(3)
Polyakov linear-σ model (PLSM) [45] and HRG [38].
Assuming that the black hole charge can be related to the baryon chemical potential, we have
compared the resulting temperature with the freeze-out parameters deduced from the ratios of
various particle species and the higher-order moments of net-proton multiplicity measured in
different high-energy experiments and confronted to the hadron resonance gas and Polyakov
linear-sigma models. We found that the agreement is very convincing. This is an evidence that
the freeze-out parameters, T and µ, can be interpreted by the gravitational deconfinement and
the Hawking-Unruh radiation from charged black holes.
We have estimated two freeze-out conditions, s/T 3 for entropy density s and 〈E〉/〈N〉 for
average energy per particle in charged black holes. The latter is directly expressed in terms
of the finite-density string-tension and the spacial extension of the charged black hole, while
the earlier is calculated in dependence of s/T 3-value calculated from Schwarzschild black hole
multiplied by a function of charge and radius of the charged black hole. It is found that
〈E〉/〈N〉 remains almost constant over the whole range of µ, while s/T 3 ≃ 7 is limited to
µ < 0.3 GeV. At larger µ, the resulting s/T 3 exceeds the characteristic value. This is an
13
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s in GeV3
Fig. 2: By using the analogy of Hawking-Unruh radiation from charged black holes and the particle
production in high-energy collisions, the freeze-out parameters s/T 3 (solid curve) and 〈E〉/〈N〉 (dashed
curve) and the entropy density s (dotted curve) are given as a function of the baryon chemical potential,
µ.
evidence that the two freeze-out conditions, s/T 3 and 〈E〉/〈N〉 can at least partly be explained
by the gravitational deconfinement and the Hawking-Unruh radiation from charged black holes.
We found that the entropy density s remains independent on µ (orQ). As discussed in literature
[34, 35], s describes among others the degrees of freedom of the system. The results in Fig.
2 would be interpreted that the charged black hole’s degrees of freedom are not affected by
the Hawking-Unruh radiation. Furthermore, no information loss accompanies such a radiation
process. Indeed, from the area-proportionality of black hole entropy and the entanglement
between the field’s degrees of freedom inside and outside the horizon, the degrees of freedom
of the field’s ground state near the horizon contribute to a large extent to the entropy and the
area-proportionality is verified [48].
A further systematic investigation for the analogy between the hadron production in high-
energy collisions and the Hawking-Unruh radiation process is planned to be studied in the near
future. It intends to study the thermodynamical properties as pressure, energy density, and
14
trace anomaly from Hawking-Unruh radiation.
[1] H. Satz, ”Thermal hadron production by QCD Hawking radiation”, PoS Sci CPOD2006, 039
(2006).
[2] Martin J. Rees and Marta Volonteri, ”Massive Black Holes: Formation and Evolution”, IAU
Symp. 238, 51 (2007).
[3] V. Karas, and G. Matt, ”Black Holes from Stars to Galaxies-Across the Range of Masses”,
(Cambridge University Press, Cambridge, England, 2007).
[4] P. Castorina, D. Kharzeev, and H. Satz, ”Thermal Hadronization and Hawking-Unruh Radiation
in QCD”, Eur. Phys. J. C 52, 187 (2007).
[5] S. W. Hawking, ”Particle Creation by Black Holes”, Comm. Math. Phys. 43, 199 (1975).
[6] S. W. Hawking, ”Black hole explosions?”, Nature (London) 248, 30 (1974).
[7] B. J. Carr, 59th Yamada Conference on Inflating Horizon of Particle Astrophysics and Cosmology,
20-24 Jun 2005. Tokyo-Japan (Universal Academy Press, Tokyo, Japan, 2005)
[8] H. Suzuki et al., 59th Yamada Conference on Inflating Horizon of Particle Astrophysics and
Cosmology, 20-24 Jun 2005. Tokyo-Japan, (Universal Academy Press, Tokyo, Japan, 2005).
[9] T. Harada, ”Is there a black hole minimum mass?”, Phys. Rev. D 74, 084004 (2006).
[10] S. Uddin et al., ”Systematic of Particle Thermal Freeze-out in a Hadronic Fireball at RHIC”,
Nucl. Phys. A 934, 121 (2014).
[11] R. A. Ray d’Invemo, ”Introducing Einstein’s Relativity”, (Oxford University Press, New York,
USA, 1992).
[12] J. C. Collins and M. J. Perry, ”Superdense Matter: Neutrons Or Asymptotically Free Quarks?”,
Phys. Rev. Lett. 34, 1353 (1975).
[13] George F. Chapline, ”Hadron Physics and Primordial Black Holes”, Phys. Rev. D 12, 2949
(1975).
[14] E. Recami and P. Castorina, ”On Quark Confinement: Hadrons as Strong Black Holes”, Lett.
Nuovo Cim. 15, 347 (1976).
[15] C. Sivaram, and K. P. Sinha, ”Strong Gravity, Black Holes, and Hadrons”, Phys. Rev. D 16,
1975 (1977).
15
[16] A. F. Grillo, and Y. Srivastava, ”Intrinsic Temperature Of Confined Systems”, Phys. Lett. B 85,
377 (1979).
[17] P. Castorina, ”Thermal hadronization, Hawking-Unruh radiation and event horizon in QCD”,
hep-ph/0711.3712.
[18] A. Tawfik and Asmaa G. Shalaby, ”Balance Function in High-Energy Collisions”, Adv. High
Energy Phys. 2015, 186812 (2015).
[19] P. Castorina, D. Grumiller and A. Iorio, ”Exact string black hole behind the hadronic Rindler
horizon?”, Phys. Rev. D 77, 124034 (2008).
[20] F. Becattini, J. Manninen and M. Gazdzicki, ”Energy and system size dependence of chemical
freeze-out in relativistic nuclear collisions”, Phys. Rev. C 73, 044905 (2006).
[21] P. Castorina, A. Iorio, and H. Satz, ”Hadron Freeze-Out and Unruh Radiation”, hep-ph/1409.3104
(2014).
[22] Steven B. Giddings, ”Black holes and massive remnants”, Phys. Rev. D 46, 1347 (1992)
[23] Dmitri Kharzeev and Kirill Tuchin, ”From color glass condensate to quark-gluon plasma through
the event horizon, Nucl. Phys. A 753, 316 (2005).
[24] Clifforg V. Johnson, ”D-Branes”, (Cambridge University Press, 2003).
[25] Li Zhi Fang and R. Ruffini, Basic Concepts in Relativistic Astrophysics (World Scientific, Singa-
pore, 1983).
[26] S. Iso, H. Umetsu and F. Wilczek, ”Anomalies, Hawking radiations and regularity in rotating
black holes”, Phys. Rev. D 74, 044017 (2006).
[27] J. M. Bardeen, B. Carter and S. W. Hawking, ”The Four laws of black hole mechanics”, Comm.
Math. Phys. 31, 161 (1973).
[28] T. Mohaupt, ”Black hole entropy, special geometry and strings”, Fortsch. Phys. 49, 3, (2001).
[29] S. W. Hawking, ”Gravitational radiation from colliding black holes”, Phys. Rev. Lett. 26, 1344
(1971).
[30] J. D. Bekenstein, ”Black holes and entropy”, Phys. Rev. D 7, 2333 (1973).
[31] J. Cleymans and K. Redlich, ”Chemical and thermal freezeout parameters from 1 − A/GeV to
200−A/GeV ”, Phys. Rev. C 60, 054908 (1999).
[32] P. Braun-Munzinger and J. Stachel, ”Particle ratios, equilibration, and the QCD phase boundary”,
J. Phys. G 28, 1971 (2002).
16
[33] V. Magas and H. Satz, ”Conditions for confinement and freezeout”, Eur. Phys. J. C 32, 115
(2003).
[34] A. Tawfik, ”A Universal description for the freezeout parameters in heavy-ion collisions”, Nucl.
Phys. A 764, 287 (2006).
[35] A. Tawfik, ”On the conditions driving the chemical freeze-out”, Europhys. Lett. 75, 420 (2006).
[36] A. Tawfik, ”Chemical Freeze-Out and Higher Order Multiplicity Moments”, Nucl. Phys. A 922,
225 (2014).
[37] A. Tawfik, ”Constant Trace Anomaly as a Universal Condition for the Chemical Freeze-Out”,
Phys. Rev. C 88, 035203 (2013).
[38] P. Alba, W. Alberico, R. Bellwied, M. Bluhm, V. M. Sarti, M. Nahrgang and C. Ratti, ”Freeze-
out conditions from net-proton and net-charge fluctuations at RHIC”, Phys. Lett. B 738, 305
(2014).
[39] J. Cleymans, H. Oeschler, K. Redlich and S. Wheaton, ”Comparison of Chemical Freeze-Out
Criteria in Heavy-Ion Collisions”, Phys. Rev. C 73, 034905 (2006).
[40] Abdel Nasser Tawfik, ”Equilibrium statistical-thermal models in high-energy physics”, Int. J. Mod.
Phys. A29, 1430021 (2014).
[41] Abdel Nasser Tawfik and Ehab Abbas, ”Thermal Description of Particle Production in Au-Au
Collisions at STAR Energies”, Phys. Part. Nucl. Lett. 12, 521 (2015).
[42] Abdel Nasser Tawfik, M.Y. El-Bakry, D.M. Habashy, M.T. Mohamed and Ehab Abbas, ”Degree
of Chemical Non-equilibrium in Central Au-Au Collisions at RHIC energies”, Int. J. Mod. Phys.
E 24, 1550067 (2015).
[43] G. Agakishiev, et al. [HADES Collaboration], ”Hyperon production in Ar+KCl collisions at 1.76A
GeV”, Eur. Phys. J. A 47, 21 (2011).
[44] X. Lopez, et al. [FOPI Collaboration], ”Subthreshold production of Sigma(1385) baryons in Al+Al
collisions at 1.9A GeV”, Phys. Rev. C 76, 052203 (2007).
[45] Abdel Nasser Tawfik, Hesham Mansour and Niseem Magdy, ”Fluctuations and Correlations of
Various Conserved Charges from SU(3) Polyakov Linear-σ Model”, submitted to PRC.
[46] Savas Dimopoulos, ”Black holes at the LHC”, Phys. Rev. Lett. 87, 161602 (2001).
[47] Patrick Meade and Lisa Randall, ”Black Holes and Quantum Gravity at the LHC’, JHEP 0805,
003 (2008).
17
[48] Saurya Das and S. Shankaranarayanan, ”Where are the black hole entropy degrees of freedom?”,
Class. Quant. Grav. 24, 5299 (2007).
18
